Abstract: This paper presents a new operational scheme and methodology to analyze the steady-state and low voltage ride through (LVRT) characteristics of a grid connected variable speed wind turbine driven permanent magnet synchronous generator (VSWT-PMSG) using Real Time Digital Simulator (RTDS). This work is also a part of the future power-hardware-in-loop (PHIL) test. VSWT-PMSG uses fully controlled frequency converter (FC) for the grid interfacing. For the sake of detail analysis, determining precise switching frequency, and future PHIL test, the FC is modeled in VSC small time-step of the RTDS. Non-sinusoidal Pulse width modulation (PWM) technique is used in this study by injecting the 3 rd harmonics in the reference three phase voltage signals to increase the output voltage of FC. A salient feature of this study is the incorporation of realistic grid, i.e. three phase supply voltage in real time simulation of RTDS/RSCAD to analyze both steady state and LVRT characteristics of grid connected VSWT-PMSG. The supply-voltage signals are subjected with the noise, e.g., voltage notches by the use of non-linear load. Therefore, voltage notching effect is taken into consideration while the controller effectiveness of the FC is examined under different operating conditions. With the incorporation of supply-voltage fluctuations, its influence on the VSWT-PMSG is analyzed with different switching frequencies of the FC. Extensive comparative study is carried out using both ideal and realistic grids.
Introduction
Wind energy is playing an important role in the world's renewable energy market nowadays because of its clean and economical characteristics. According to the Global Wind Energy Council (GWEC) 2011 report, total installed capacity of wind power has reached upto240 [GW] till year 2011. The entire world is predicting the growth of wind energy by 14-16 % from the present status till 2020 [1] . It is clear from the given statistics that, in future, a large number of wind farms will be integrated with the existing power system network. Therefore, it is very important to analyze the steady-state characteristics and low voltage ride through (LVRT) issues of the wind farms to fulfill the requirements of the new set of grid codes [2] , [3] .
Variable speed wind turbine (VSWT) generating systems are getting more popular nowadays as compared to the fixed speed wind turbine (FSWT) generating systems. Among VSWT generating systems, a few types of generators including double fed induction generator (DFIG), permanent magnet synchronous winding in a synchronous machine except that their magnetic field is constant and there is no control on it [25] , [26] .
Wind Turbine Modeling
When you submit your final version, after your paper has been accepted, prepare it in one-column format, including figures and tables. Mechanical power extracted from the wind can be expressed by the following mathematical equation [27] , [28] . = 0.5 ( 2 ) ( , ) 3 ( 1) where Pw is the extracted power from the wind, ρ is the air density in kg/m 3 , R is the blade radius in meters and Cp is the power co-efficient which is a function of both tip speed ratio, λ and the blade pitch angle β. For calculation of Cp, for the given values of β and λ following numerical approximations has been used. The wind speed is changing continuously, therefore in VSWT the rotational speed of the wind turbine is controlled so that it can track the maximum power point algorithm. It is generally difficult to measure the precise wind speed, therefore the maximum power Pmax is calculated by using the optimum values of the power co-efficient, Cp and tip speed ratio, λ which are 5.9 and 0.44 respectively, without measuring the wind speed by using the equation 2,
The characteristic of the VSWT adopted in this study is shown in Fig. 1 . Note that the dotted line represents the maximum captured power as iaaat has to be limited at higher wind speeds [6] . In variable speed WTGSs pitch controller is also to control the rotational speed when the reference power is greater than the rated power of PMSG. The range of the rotor speed variation is approximately from 5 rpm to 16rpm. Threshold value of rotor speed can easily be determined from the turbine characteristics. Therefore, the reference power will not exceed the rated power of the PMSG [29] . Fig. 2 shows the block diagram of the pitch angle controller.
Experimental Setup Using Real Time Digital Simulator (RTDS)

RTDS Overview
RTDS is based upon the combination of advance computer hardware and widespread software. It has a parallel processing architecture hardware assembled in the modules, called Racks. Each rack consists of the processor cards and communication cards which are linked by a common backplane. The RTDS has a graphical user interface, named RSCAD, which allows the user's interface with the hardware. It also allows the user to construct the simulation circuit, run, operated, and results to be recorded. RSCAD consist of multiple modules like Draft, RunTime, T-LINE, Multi-plot, Cable, and C-Builder (component builder) [30] - [32] .
RTDS hardware consists of number of different types of processing and communication cards. Processing cards are Tripple Processor Card (3PC), RISC Processor Card (RPC), and Gigabyte Processor Card (GPC). It is noted that the RTDS latest generation of processor card, PB5 is now available in the market. 3PC processor card contains three analogue devices (SHARC) processor operating at 80MHz. 3PC is normally used to solve the power system module and control system with the typical time-step of 50 µsec. The RPC card contains two IBM POWERPC RISC processors which operates at 600MHz. GPC contains two IBM POWERPC RISC processor operates at 1 GHz. The most recent and powerful card among all other cards are PB5, it consist of two POWERPC RISC processor operating at 1.7 GHz. For the network solution and simulation for the standard component, the GPC is used in this work. It provides small-time step (1µsec<4µsec) simulation of the VSC with high switching frequency. Besides that, RTDS also provides special small-dt feature to perform the small time-step simulations on the GPC card [33] .
Digital and analogue signals can be interfaced with the RTDS through the digital optical isolation system (DOPTO) and optical isolated analogue to digital converter (OADC) card respectively. 24 digital input and output signals can be interfaced between the external equipment and RTDS through DOPTO. It normally operates at 5V but can be used up to 24V with external voltage source. OADC has 6 optically isolated 16-bit analogue to digital converter. It is compatible with the 3PC card and allows the analogue signal range up to ±10V.
System Modeling and Processor Assignment
The model system use in this study is shown in Fig. 3 . Here, one PMSG is connected to the grid through the machine side converter, DC link capacitor, grid side converter and a double circuit transmission line. 
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Integration of Realistic Grid with RTDS
As explained before, a salient feature of this paper is the introduction of the Realistic Grid. The three instantaneous voltage signals are captured, scaled suitably, and used in simulation study to form the realistic grid. The objective is to examine the possible effects of the non-idealities on the grid on the VSWT-PMSG wind generator performance. On introducing the voltage waveforms, it was noticed that the residential grid of Abu Dhabi city enjoys a very clean supply. As this is not a common case, especially for industrial supplies, it was opted to introduce a simple non-linear load and use the resulting voltage waveforms. The realistic grid used in the simulation is calibrated before each run by adjusting the scaling factors to obtain the desired peak voltage on Phase A. The same factors are then used for the other two phases. Three different cases for the realistic grid are considered as shown in Fig. 6 . Case 1 is considered with the voltage wave shapes having no harmonic components, i.e., Green, Case 2 is considered when the voltage wave shapes are affected with the harmonics with the non-linear load of 100 Ω, i.e., Black, and Case 3 is considered with the voltage wave shapes having harmonics with the non-linear load of 130 Ω, i.e., Red. The parameter of the PMSG used in this study is shown in Table 1 . 
Modeling of the Frequency Converters
In this study, direct driven PMSG is connected to the grid through fully controlled frequency converters (FC). The FC is composed of 2-level voltage source converter, called machine side inverter (MSI) and grid side converter (GSC), are connected back-to-back.
Machine Side Converter (MSI)
The machine side inverter is connected with the stator of the PMSG which efficiently decouples the PMSG to the grid, thus allowing the rotor of the wind turbine and generator to rotate freely depending on the wind speed conditions.
Well know cascaded vector control scheme is used to control the real and reactive power of the PMSG. The three phase electrical and dq quantities are dependent on each other by the rotor reference frame. Park transformation is used for the reference frame transformation. The transformation angle ϴr is calculated by integrating the rotor speed of the generator. As the MSI is connected directly with the PMSG, therefore active power is controlled by the q axis current component. The reference for the active power is calculated such that it can follow the MPPT and extract the maximum power from the wind energy. During the network disturbance, the grid voltages decreases significantly, therefore it is not possible to deliver the extracted power to the grid. Therefore, the reference power is varied accordingly when the grid voltages drop to 0.9 pu. The d axis current component is used to control the reactive power of the PMSG. The reference for the reactive power is set to zero for the unity power factor operation. The control block diagram of the MSI is shown in Fig. 7 . 
Grid Side Converter (GSC)
The cascaded vector control scheme shown in Fig. 8 is used to control the grid side converter. The main objective of the control system is to keep the DC link voltage constant and thus ensuring that active power generated by the PMSG is feed into the grid. Secondly, to control the terminal voltage through the reactive power fed or absorb from the grid. The GSC is controlled in the synchronous reference frame. The transformation angle is calculated from the three phase voltages at the high voltage side of the transformer connected at the grid side by using the phase locked loop (PLL). 
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for the reactive power is set such that the terminal voltage at the grid side remains constant. To achieve the control strategy, total three PI controllers are used to control the reactive power of the grid side converter. The additional PI controller in reactive power control gives very good transient characteristics during the grid disturbance. The rated DC link voltage is 2.3 kV and DC link capacitor value is chosen 10,000µF.
Overvoltage and Under-Voltage Protection of DC Link
During the severe network disturbance such as 3LG fault, the GSC must be able to supply the additional reactive power in order to support the grid. Thus, it is not possible for the GSC to deliver the active power from the generator to the grid, thus causes the over voltage in DC link, effecting the operation of the frequency converter. In order to overcome the over voltage issue an over voltage protection scheme (OVPS) is needed to avoid this condition. The braking chopper is modeled in the DC link to protect the DC link capacitor during the network disturbance. This chopper gets activated when the DC link voltage increases over the pre-defined limit and absorbs the active power in the resistance during the fault. The hysteresis control is used to control the braking chopper.
Besides overvoltage protection, under voltage protection scheme is also considered in this work. In the GSC, the output of the integrators used in the PI controllers is reset when the DC link voltage drops to a pre-defined value. Only the outer-loop PI controller integrators are reset as in normal practice the inner current control loops are not reset. In this way, the tripping of the generator due to under voltage is avoided during the network fault. 
Addition of the 3rd Harmonic in PWM Switching Scheme of RSCAD/RTDS
The reference signals obtained from the equation (1), (2) 
Switching Scheme in the RTDS
In order to use the Over modulation technique of PWM, the carrier wave and modulated signals are generated in the large time-step environment of RTDS. The carrier wave and modulated signals are then processed to generate the high resolution firing pulses by the using the firing pulse generator component of RTDS inside the small time-step environment. The firing pulse generator needs the reference phases and frequency from the large time-step to generate the precise firing pulses. The GTO bridge vales get the firing pulses from the comparator inside the small time-step environment. Every valve of the GTO Bridge is controlled by the respective bit in a firing pulse word. The bits are controlled such that the least significant bit (LSB) in the firing pulse word coincides the LSB in the final applied firing pulse word. Thus the first LSB controls the first valve of the GTO bridge, second LSB controls the second valve, third LSB controls the third value and so on [19] , [20] , [33] .
RTDS Results and Discussions
This section presents the real-time simulation results of the grid connected VSWT-PMSG. Steady state and LVRT characteristics of the VSWT-PMSG for the ideal and realistic grid are analyzed. The section is divided into two parts. In the first part, the steady state characteristics are analyzed using ideal grid and realistic grid. In the second part, LVRT characteristics are analyzed by considering the real grid codes.
Steady State Characteristics Analysis
For steady state characteristics analysis, it is assumed that the wind speed is constant and equivalent to the rated speed of the VSWT-PMSG. For the detailed analysis, the switching frequency of the back-to-back converters is chosen 1050 Hz. Time step for the VSC small time step and large time step are 2.7 µsec and 50 µsec respectively, and simulation time is chosen 10 seconds. 1) Ideal Grid: A grid with purely sinusoidal and 120 º shifted voltage waveforms is considered. Fig. 9 shows the RSCAD simulation result of the one of the grid phase voltage, grid side reactive power, RMS value of grid voltage and grid side real power. In ideal grid, the phase voltage is constant which is also obvious from the RMS value of terminal voltage, and the reactive power support from the grid is 0.07pu. Fig. 9 . Responses using realistic grid, ideal grid. Fig. 10 . Responses using realistic grid, Case 1.
2) Realistic Grid: For the realistic grid, three cases are considered as explained earlier in section III-C in Fig. 6 to have a better understanding about steady state characteristics.
Case 1: In this case, grid is controlled from outside by the 3 phase voltage supply. The three phase voltage signals are incorporated with the RSCAD simulation through the OADC card. Fig. 10 shows the simulation results of this case study, where one phase grid voltage signal, RMS value of terminal voltage, reactive power, and real power are shown. Variations of voltage and powers are noticeable in the responses when realistic grid is considered compared to the case of using ideal grid.
Case 2: Non-linear load is considered to be connected with the external circuit. The Resistive Load value is chosen to be 100 Ohms. The voltage harmonics injected are within the IEE 519-1992 limits [34] . These harmonics result in producing the notches in the voltage signals. The simulation results for this case is shown in Fig. 11 . In order to overcome the voltage notches, the system required more reactive power support from the system; therefore reactive power is increased to 0.12pu. In order to make system stable, the grid side converter control is adopting itself in realistic operation and trying to maintain the terminal voltage to its rated value.
Case 3: The voltage harmonics is increased by increasing the non-linear load to a 30 percent of full load i.e. 130 ohms. As, the result, notching in the 3 phase voltages are increased, thus system is demanding more reactive power to overcome the notching effect, therefore reactive power is increased to 0.26pu, while other results remains the same as in case 2. The simulation result of this case is shown in Fig. 12 . Fig. 11 . Responses using realistic grid, Case 2. Fig. 12 . Responses using realistic grid, Case 3.
It can be understood from Fig. 10-Fig. 12 that incorporation of realistic grid in the simulation helps to know the exact steady state behavior of system variables. Moreover, as the supply-voltage is not constant, therefore the terminal voltage and reactive power is oscillating with respect to the supply-voltage fluctuations. The reactive power demand is increased by increasing the non-linear load to overcome the voltage-supply notching effects. [pu]
LVRT Characteristics Analysis
[pu] [pu]
[pu] 
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According to the E.ON Netz (rebranded as TenneT TSO GmbH)wind farm grid codes, the plant must stay online when the line voltage drops to zero of nominal voltage for a period less or equal to 150 msec and should recover to 90% of nominal voltage within 1.5 seconds from the time of the occurrence of the fault [3] . Grid fault causes the voltage sags at the connection point of the wind farm, even if they are at distant location. Theses voltage sags will cause result in imbalance between the input power of wind turbine and the generator output power, DC link voltage fluctuation, and the change in the rotor speed of PMSG. In the simulation, it is assumed that wind speed is constant as mentioned earlier that the wind does not change greatly within the small time duration considered. The switching frequency of the FC is considered to be 1250 Hz. The symmetrical three-line-to-ground (3LG) fault is considered at the sending end of the transmission line. The duration of the fault is 150 msec. Circuit breakers are successfully reclosed after 1 second. LVRT characteristics are analyzed for the ideal and realistic grid case 3 only. Fig. 13 in the case of using the ideal grid. For the realistic grid case 3, (Fig. 14) when the LLLG fault occurs, the system will collapse. To overcome the transient, the system will provide the necessary reactive power support to the system to bring the terminal voltage at 90 percent of its steady state value within 150 msec. Besides that, the notching effect in the grid voltage has also overcome.
Conclusion
This paper presents a detailed study of the VSWT-PMSG in real time digital simulator. Steady state and LVRT characteristics have been analyzed in real time environment, which makes the system more realistic. The modeling of VSWT-PMSG and frequency converters has been done in small time-step, which could be used to any power hardware-in-loop test as it can handle the time-step in the range of 1-4µsec. The effect of voltage notching has also been carried out.
During the network disturbance, the grid side converter provides the additional reactive support to the system to overcome the system disturbance. Voltage notching has great impact on system stability; the higher the notching higher the reactive power support from the grid. Real time implementation of the grid helps to examine the effect of the reactive power on the overall system behavior and therefore, can be adopted in the real world operation of the VSWT-PMSG. From the analysis, it is concluded that the switching frequency of the frequency converter is required to be adjusted based on the grid supply voltage fluctuations.
The setup presented in this paper is well suited to allow PHIL experiments for megawatt class wind farm grid interfacing considering realistic grid which eventually overcomes the limitations of current handling capability of RTDS. It is proposed that the realistic grid interfacing methodology with RTDS simulation used in LVRT and steady state characteristics analyses of wind farm can also be used in other renewable energy and smart grid applications along with control validation for industrial products.
